Additional index words. Juglans regia, simple sequence repeat (SSR), genetic diversity Abstract. The genetic structure and diversity of natural populations of Juglans regia L. in Iran were characterized using 11 microsatellite loci. A total of 105 individuals from seven populations were sampled. A high level of genetic diversity was observed within populations with the number of alleles per locus (A) ranging from three to 11 (average = 5.73), the proportion of polymorphic loci was 100%, and the expected heterozygosity ranged from 0.598 to 0.848 (average = 0.707). The proportion of genetic differentiation present among populations accounted for 12% of the total variation. Such considerable interpopulation differentiation detected in J. regia L. could have resulted from several factors, including restricted gene flow between populations. Significant departures from Hardy-Weinberg equilibrium were observed for WGA276, WGA32, and WGA321 loci. The deviations were primarily the result of the surplus of heterozygotes. The unweighted pair group method with arithmetic mean cluster analyses based on Nei's unbiased genetic distances separated the seven populations into two main groups.
The family Juglandaceae consists of seven genera, comprising 60 monoecious tree species. The genus Juglans contains 20 species, all producing edible nuts. Among these, the English or Persian walnut (Juglans regia) is the most widely cultivated species (McGranahan and Leslie, 1990) . Juglans evolved in eastern Europe to Himalayas and parts of China. Walnut stands are found in Kopet Dagh, the low land along the southern shore of the Caspian Sea, and in sporadic locations through the ranges of western and southern Iran (Leslie and McGranahan, 1988) . Walnut was probably domesticated in Iran and Afghanistan and subsequently introduced to other countries (Bayazit et al., 2007) . However, most of the walnut populations in Iran may not be native because trees from open-pollinated seedlings have been used by local people for many years. Walnut is planted in Iran for its fruit, wood, and pharmaceutical properties as well as for forest renovation. According to the FAO (2007) , Persian walnut grows on 70,000 ha in Iran, producing 170,000 tons of nuts in shell, ranking third globally.
It was our goal to analyze the current populations of walnut in Iran to detect, select from, and maintain their genetic resources and to improve their genetic potential. Several techniques have been used to examine genetic diversity and relationships among cultivars of Persian walnut, including allozymes (Fornari et al., 2001; Malvolti et al., 1993) , restriction fragment length polymorphisms (Fjellstrom and Parfitt, 1995) , random amplified polymorphic DNA (RAPD) markers (Nicese et al., 1998) , and intersimple sequence repeat (ISSR) markers (Potter et al., 2002) . To investigate population structure as well as to facilitate various programs in genetic improvement, forest restoration, conservation, and sustainable management of J. regia, suitable molecular markers are needed to assess genetic variability. Because they are hypervariable, codominant, and highly informative, simple sequence repeat (SSR) or microsatellites are ideal for studies in population and conservation genetics (Streiff et al., 1998) , the construction of genetic maps (Brondani et al., 1998) , analysis of paternity and kinship, and analysis of variation between species and populations (Queller et al., 1993) . In the present study, we investigated the level and distribution of genetic diversity in seven Iranian populations of J. regia L using 11 SSR primer pairs originally developed by Woeste et al. (2002) for J. nigra and later applied to breeding populations of J. regia (Dangle et al., 2005) . We focused our study on Hamedan, Lorestan, Kermanshah, and Kurdestan. These provinces are in western Iran that have the largest populations of walnut in Iran and represent a heterogeneous and interesting genetic resource for breeders. This work will provide insight into the genetic diversity and population genetic structure of J. regia and provide valuable information for further conservation and breeding programs for J. regia in Iran, a center of diversity for this important crop.
Materials and Methods
Plant materials. Samples from seven populations of J. regia L. collected in western Iran were included in the study: four from different parts of Hamedan province including Malayer (MR), Hamedan (HN), Tuyserkan (TN), and Serkan (SN) and one each from Lorestan (LN), Kermanshah (KH), and Kurdestan (KN) provinces (Fig. 1) . Populations consisted of old walnut trees from openpollinated seedlings. The sampled populations inhabit disjunctive mountainous areas with a narrow geographic range of latitude and longitude (32 to 35°N and 46 to 50°E, respectively). The distribution of the sampled populations was from 1385-to 1986-m altitude. Plants within 10 km of each other were considered as belonging to the same deme. To keep relatively uniform sample sizes, we limited our sampling to 15 mother trees per population, each tree separated by a distance of 100 m. Leaves were sampled in early morning hours and stored at -80°C until their use.
DNA extraction. For each mother tree, at least six young leaves were collected in summer and used for DNA extractions. A 150-to 200-mg sample was ground in 2-mL Eppendorf tubes with 1800 mL of extraction buffer (2% CTAB, 100 mM Tris, 1.4 M NaCl, and 20 mM EDTA, pH 8.3). Then DNA was extracted following the CTAB method (Doyle and Doyle, 1987) .
Polymerase chain reaction amplification and electrophoresis. Eleven primers designed from the sequences of clones isolated from an enriched (GA/CT)n library of J. nigra were used to amplify genomic DNA of J. regia genotypes ( Table  1 ). The SSR reaction protocol was based on the protocol of Dangle et al. (2005) . Amplification reactions were performed in a volume of 15 mL containing 1 · polymerase chain reaction (PCR) buffer, 25 ng genomic DNA, 200 mM dNTPs, 0.2 mM of each primer, 2 mM MgCl 2 , and 0.5 unit of Taq DNA polymerase (Sinagen, Tehran, Iran). For DNA amplifications, an Eppendorf thermocycler was programmed according to the following profile: 1) 94°C for 5 min, one cycle; 2) 30 cycles at 94°C for 1 min, the appropriate primer annealing temperature (Table 2) for 1 min and 72°C for 40 s; and 3) a final elongation at 72°C for 2 min, one cycle. After amplification, 5 mL of each sample was loaded and electrophoresed on a 2% horizontal agarose gel to control for positive amplification and to determine the approximate amount of product. Then, 3 mL of Received for publication 10 Feb. 2010. Accepted for publication 6 July 2010. We acknowledge Dr. Sarikhani and Dr. Esna-Ashari for their kindly prereview of the manuscript. 1 To whom reprint requests should be addressed; e-mail Ershadi@basu.ac.ir. each sample was electrophoresed on a 6% polyacrylamide gel containing 1 · TBE buffer. After electrophoresis, the gel was silverstained using the procedure of Bassam et al. (1991) . In all cases, PCR reactions were performed at least twice to ensure that allele sizes were consistent.
Allele sizing and scoring was done using a 100 bp DNA ladder (MBI-Fermentas, Vilnius, Lithuania) as the length reference.
Data analysis. The data were entered in the form of single-individual genotypes. The following parameters of genetic variation were assessed for each population: the mean number of alleles per locus (A), the effective number of alleles (Ae), percentage of polymorphic loci (P), expected heterozygosity (He) (Nei, 1978) , and observed heterozygosity (Ho). Departures from the Hardy-Weinberg (H-W) equilibrium were assessed at each locus for every population and per locus across all populations using F-statistics of Wright (1978) . The significance of the deviations was evaluated with a chi-square test following the method of Workman and Niswander (1970) . Spatial genetic structure was further investigated using Wright's analysis of hierarchical F-statistics (Wright, 1978 ). Nei's (1978) unbiased genetic distances were calculated for all population pairs and used to construct a phylogenetic tree [unweighted pair group method with arithmetic mean (UPGMA)]. All of these calculations were performed using POPGENE Version 1.32 software (Yeh et al., 1997) .
Results
Allelic variation at microsatellite loci. All 11 loci assayed possessed a high level of polymorphism with the number of alleles per locus ranging from three at WGA349 to 11 at WGA276 (Table 2 ). All 11 microsatellite loci were polymorphic across all seven populations sampled. A total of 63 alleles were detected; the mean number of alleles per locus was 5.73 and they ranged in size from 120 to 282 bp. No private alleles (alleles present in a single population only) were detected. Instead, 25 alleles were common to the majority of the populations (at least five populations), whereas the other alleles were shared among fewer populations. A summary of the loci and alleles for each population is provided in Table 2 .
Genetic variation within populations. Genetic diversity parameters based on allelic frequencies are shown in Table 2 . In individual populations, the mean number of alleles per locus (A) varied from 3.64 to 4.36 with an average of 3.96, whereas the effective number of alleles per locus (Ae) varied from 2.52 to 3.05 with an average of 2.70. The observed heterozygosities (Ho) ranged from 0.596 to 0.745 with an average of 0.683. The average expected heterozygosity (He) was 0.707 and ranged from 0.598 to 0.848.
A comparison of the genetic diversity of J. regia was performed among the seven populations. The highest level of diversity existed in population LN (He = 0.709), whereas the lowest values were in population TN (He = 0.614). The within-population genetic diversity generally decreased from south to north.
Population genetic structure. The genetic analyses revealed high levels of differentiation among populations ( Table 2 ). The coefficient of hierarchical F ST (Table 3) , estimated according to Wright (1978) , ranged from 0.017 for locus WGA27 to 0.202 for locus WGA276 with the average value equaling 0.122. This showed that 12% of the total genetic diversity existed among populations. The loci WGA276 and WGA321 possessed the highest F ST value. These values indicated the important role of these two loci in interpopulation differentiation. In individual populations, tests for the departure from the H-W equilibrium showed significant deviations for at least one locus in every population. Most of the loci followed the H-W equilibrium in the majority of populations. However, significant departures from the H-W equilibrium were observed in WGA276, WGA32, and WGA321 loci. The deviations were primarily the result of the surplus of heterozygotes.
Genotypic structure and departure from Hardy-Weinberg equilibrium. F IT is the overall inbreeding coefficient of an individual relative to the whole set of populations, whereas F IS is the inbreeding coefficient of an individual relative to its own population. The mean F IT value of 0.026 indicates that, overall, the sampled populations of J. regia had a slight deficiency of heterozygotes. Within populations, all loci but two showed a surplus of heterozygotes (F IS ranged from -0.026 to -0.310). The two loci that showed a deficiency of heterozygotes were WGA32 and WGA 27 (F IS = 0.025 and 0.040, respectively) with the average F IS value equaling -0.107, which was significantly different from zero (Table 3) . This means that there was a small heterozygote excess among the sampled trees. However, it Woeste et al. (2002) . y Na = number of alleles. x Ne = number of effective alleles. is possible to get an excess of heterozygotes if stutter bands are erroneously scored as alleles. Genetic relationships. Genetic distances were calculated for each pair of populations to estimate the extent of their divergence (Table 4 ). The average genetic distance among populations equaled 0.297. The lowest genetic distance (0.100) was found between populations TN and SN and the greatest genetic distance (0.582) was found between populations TN and MR. The UPGMA cluster analyses based on Nei's unbiased genetic distances was performed to further show the genetic relationships among the populations (Fig. 2) . The dendrogram separated the seven populations into two main groups. The first group consisted of the populations MR, LN, and KN. The second group consisted of the populations HN, TN, SN, and KH. In the first group, MR and LN were the most similar; TN and SN, in the second group, were the most closely related populations in the study.
Discussion
In the present study, seven populations of J. regia were characterized using 11 highly polymorphic microsatellite markers. The average number of alleles per locus was 5.73, much higher than 1.3 and 3.9 detected in J. regia with RAPDs (Nicese et al., 1998) and ISSRs (Potter et al., 2002) , respectively. For all loci, the observed numbers of alleles was lower than that reported in J. nigra (Victory et al., 2006) , the species from which the markers were originally developed . This may be because of the large number of samples and populations analyzed in previous J. nigra studies or because SSRs may show a decrease in allele number when applied in related species (Ana et al., 2000) . For most of the loci, the length ranges of the amplification products obtained here were wider than those detected in J. nigra (Victory et al., 2006) , a bias reported in other species as well (Donini et al., 1998) .
Although a great number of population genetic studies have been conducted on Juglans species (Fornari et al., 2001; Victory et al., 2006) , no genetic research based on the use of molecular markers has been published previously on J. regia populations in Iran. In this investigation, high levels of polymorphism were detected, the total number of alleles equaling 63. The observed heterozygosity within populations (mean He = 0.68) was higher than that detected in J. regia based on allozymes (mean He = 0.43) (Fornari et al., 1999) , but lower than the heterozygosity of 0.8 reported in wild populations of Juglans nigra (Victory et al., 2006) , a species that is also highly outcrossed. Within populations, all loci but two showed a surplus of heterozygotes. The negative values of F IS , the intrapopulation genetic diversity, also suggests an excess of heterozygosity present in the populations of walnut, which could be the result of walnut's mating system (Fornari et al., 2001 ) and could also be caused by selection or disassortative mating. Despite the relatively short geographic distances between populations included in the study, F ST , the interpopulation genetic diversity was considerable (F ST = 0.122) and it was clearly higher than the values detected in other Juglans species based primarily on isozymes (Fornari et al., 2001) . The F ST value detected here in J. regia is higher than the differentiation among populations observed in J. nigra (F ST = 0.058) based on microsatellite markers (Victory et al., 2006) and is much closer to the value F ST = 0.106 observed by Fornari et al. (2001) using allozyme on natural populations of J. regia. This means that there are some processes that are serving to isolate the populations and that they may have unique genetic qualities that can be used for breeding. It could indicate that there are selection pressures operating in each population that are different from the other populations. This also means that it will be worthwhile to include members of each population in germplasm collections.
The seven natural populations of J. regia studied here occupy fragmented habitats, the populations being confined to islands varying in size and degree of isolation within the northwestern Kurdestan province and southeastern Lorestan province. The mean effective number of allele per locus was 2.70 (range, 2.52 to 3.05). The highest level of diversity existed in population LN (He = 0.709) because of high plant density, isolation, and lack of human selection, whereas the lowest value was in population TN (He = 0.614). The relatively low diversity level in population TN is attributable to the human propagation manner, leading to the selection of trees with the most suitable traits, negatively affecting genetic variability (Fornari et al., 1999) . Populations TN and SN are closely located geographically in Hamedan province and are closely related (D = 0.100). A decrease in genetic diversity from southern to northern populations was observed. The southern populations (e.g., LN) contained higher levels of expected heterozygosity than did the northern ones. Busov et al. (2002) reported a similar finding when studying the allozyme variation of black walnut (Juglans nigra) in the Central Hardwood Region of the United States. However, Lorestan has the highest annual average rainfall among all studied areas and better growing conditions for walnut. The genetic parameters estimated from the microsatellite data indicated that there are substantial levels of genetic diversity in all sampled populations. This result is in accordance with the common observation of high levels of variation detected in windpollinated, long-lived tree species (Streiff et al., 1998; Victory et al., 2006) . In summary, we observed: 1) considerable genetic diversity in populations of J. regia from western Iran, and the diversity was both within and among populations; 2) the relatively high interpopulation differentiation of J.regia could have resulted from several factors, including restricted gene flow between populations and human disturbances; 3) the capability of J. regia to maintain a noticeable intrapopulation differentiation, even in the presence of selection pressures, is attributable to its reproductive strategies based on outcrossing; and 4) microsatellite markers are powerful tools for monitoring the genetic structure and diversity of J. regia populations. Future research in J. regia based on more extensive sampling and more intensive sampling with microsatellite markers will allow us to describe in greater detail the population genetic structures of Persian walnut in Iran.
